Short QT syndrome (SQTS) is a genetically determined ion-channel disorder, which may cause malignant tachyarrhythmias and sudden cardiac death. Thus far, mutations in five different genes encoding potassium and calcium channel subunits have been reported. We present, for the first time, a novel loss-of-function mutation coding for an L-type calcium channel subunit.
Introduction
Short QT syndrome (SQTS) is a genetically determined ion-channel disorder, which may cause malignant tachyarrhythmias and sudden cardiac death (SCD). The definition of the short QT interval varies in the literature 1 -5 but is generally defined as a QTc interval below 330 ms. 6, 7 The diagnosis of SQTS can be made in patients with a short QTc interval who present with additional clinical findings, such as syncope, episodes of polymorphic ventricular tachycardia or ventricular fibrillation, or a family history of unexplained SCD. The disease usually affects young and healthy individuals who have no underlying structural heart disease. 2 To date, five genes have been identified that are responsible for SQTS, demonstrating a genetically heterogeneous disease ( Table 1) . 5,7 -9 Short QT syndrome 1, SQTS2 and SQTS3
are caused by gain-of-function mutations of cardiac potassium channels causing hastened repolarization. 5, 8, 9 Short QT syndrome 1 is due to mutations in KCNH2 encoding the a-subunit of the HERG I Kr channel, which lead to heterogeneous shortening of the action potentials and refractoriness. 9 Typically, on surface electrocardiogram (ECG), the ST-segment is absent and the T-wave is tall, narrow, and symmetrical. The triggering factors are usually adrenergic-dependent; however, some cases at rest have also been described. 10 Short QT syndrome 2 is associated with mutations in KCNQ1 encoding the a-subunit of the KvLQT1 I Ks channel. 8 Short QT syndrome 3, which is caused by a mutation in KCNJ2 is characterized by nocturnal palpitations. 5 In contrast to SQTS1, SQTS2, and SQTS3, loss-of-function missense mutations in CACNA1C and CACNB2 genes, which are subunits of the cardiac L-type calcium channel, have been identified in SQTS4 and SQTS5. 7 The latter two subtypes are associated with asymmetrical T-waves, attenuated QT-heart rate relations, and the presence of atrial fibrillation. These patients may also present with a Brugada-like surface ECG pattern with or without drug provocation. 7 Loss-of-function mutations in the potassium channels have also been reported for the long QT1, long QT2, and the Andersen-Tawil syndrome (long QT7). 11 -13 Recent studies have shown that inherited cardiac arrhythmias may be caused by mutations found in the genes coding for the subunits of the L-type Ca channel. 7, 14 In cardiac myocytes, In this study, mutation analysis was performed for all genes, which have been identified to be linked to SQTS (KCNH2, KCNQ1, KCNJ2, CACNA1C, and CACNB2b) and in those that are considered to be candidate genes for SQTS (CACNA2D1, KCNJ8, and Sur2A). 7, 14 We report a new variant of SQTS caused by a mutation in the gene encoding the Ca v a 2 d-1 subunit of the L-type calcium channel (CACNA2D1).
Methods

Molecular genetic analysis
Genomic DNA from the index patient was extracted from peripheral blood leucocytes using a commercial kit (Gentra System, Puregene, Valencia, CA, USA). All exons and intron borders of cardiac ion channel genes including but not limited to all isoforms of KCNQ1, KCNH2, SUR2A, KCNJ8, KCNJ2, CACNA1C, CACNB2b, and CACNA2D1 genes were amplified and analysed by direct sequencing from both directions using an ABI PRISM 3100-Avant Automatic DNA sequencer (Applied Biosystems, Foster City, CA, USA). Genomic DNA from 410 reference alleles from healthy ethnically matched controls from the USA and 402 ethnically matched healthy reference alleles from southern Germany were used as controls. The CACNA2D1 primers used for screening are shown in Table 2 . Family screening of the c.2264G . C (p.Ser755Thr) mutation in CACNA2D1 was performed according to standard protocols after exon amplification by polymerase chain reaction (PCR) with the intronic primers: forward 5 ′ -GGGGGAGAGCA GATAGTAGC-3 ′ and reverse 5 ′ -GCTATGCTGATGCATTGCT-3 ′ . The 352 bp PCR products were directly sequenced on both strands in the family and on one strand in the controls using an ABI 3730 capillary sequencer. The reference sequence was based on ENSE00002087663. Written informed consent was obtained from all family members prior to the genetic study.
cDNA constructs
Rabbit Ca v 1.2a1 (cP15381.1), Ca v b 2b (P54288), and Ca v a 2 d-1 (P13806) cDNAs, inserted into pCARDHE, pBH17, and pCA1S, respectively, were gifts from Dr G.S. Pitt (Division of Cardiology, Department of Medicine, Duke University Medical Center, Durham, NC, USA). CD8 cDNAs subcloned into EBOpcD-Leu2 [American Type Culture Collection (ATCC), Rockville, MD, USA]. CACNA2D1 mutation was engineered into wild-type (WT) cDNA using the QuickChange Kit (Stratagene, USA) and verified by sequencing.
Transfections
For electrophysiology experiments, HEK-293 cells were transiently transfected using the calcium phosphate method and 0. 
calculated dividing the peak current by the cell capacitance. Activation curves and steady-state inactivation curves were fitted with the following single Boltzmann's equation:
which y is the normalized conductance or peak current at a given holding potential (V h ), V 50 the voltage at which half of the channels are activated (V 50,act ) or inactivated (V 50,inact ), respectively, and k the slope factor.
Western blots PAGE gel. Protein transfer was done with the dry system transfer i-blot w from Invitrogen. Immunoblotting was done using the snap-id w system of Millipore (Zug, Switzerland). Fluorescent secondary antibodies at dilution 1/10 000 were used and detection was realized using the LICOR system w (Lincoln, NE, USA). 
Cell membrane biotinylation
Computational analysis of the p.Ser755Thr mutation in CACNA2D1
The domain architecture of CACNA2D1 was deduced from the BioInfoBank MetaServer. 18 Transmembrane regions were identified using Memsat 3. 19, 20 The structure of the sensory domain of CACNA2D1
was modelled with Modeler 6.2 using the crystal structure of Histidine Kinase Dctb Sensor Domain as a template (PDB code 3by9). The Ser755Thr mutation was generated using Sybyl 7.3 (Tripos Inc.), and DS Visualizer v2.5 (Accelrys Inc.) was used for structure analysis and visualization.
Statistical analysis
Data are presented as means + SEM. Unpaired, two-tailed Student's t-test was used to compare the means; P , 0.05 was considered significant.
Results
Clinical case
An otherwise healthy, 17-year-old female of Caucasian origin had a sudden loss of consciousness while sitting during a church service. Basic life support was administered immediately and the initial rhythm recorded ventricular fibrillation which was successfully terminated in a stable sinus rhythm after two external defibrillation shocks. The patient was subsequently transferred to a hospital by emergency medical personnel. The ECG revealed a QT interval of 317 ms (QTc 329 ms) with tall, narrow, and symmetrical T-waves, suggestive of SQTS ( Figure 1A) . Transthoracic echocardiography excluded any structural heart disease and coronary angiography showed normal coronary arteries. Invasive electrophysiological testing revealed AH and HV intervals within the normal range; the atrial effective refractory period was 180 ms and AV block cycle length was 420 ms. There was an AH jump of 70 ms, suggesting the presence of a slow pathway. Programmed stimulation from the high right atrium induced a non-sustained atrial tachycardia originating from the posterior left atrium, as well as atrial fibrillation, which terminated spontaneously. Programmed stimulation from the right ventricular apex with S1/S2 of 600/260 ms could induce a polymorphic ventricular tachycardia Novel loss-of-function calcium channel gene mutation in SQTS degenerating into ventricular fibrillation, which was terminated externally. An incomplete right bundle branch block was observed intermittently. Flecainide provocation (2 mg/kg) did not reveal a typical Brugada ECG pattern, despite placement of the right precordial leads in a superior position. However, distinct repolarization changes in V1 were observed ( Figure 1B) . The patient was treated with a b-blocker (nebivolol, 5 mg q.d.) and she underwent implantation of a single-chamber implantable cardioverter defibrillator (ICD). At 24-month follow-up, the patient has not reported any symptomatic arrhythmias and the Figure 3 ICD registered only one episode of a non-sustained ventricular tachycardia (five beats with a cycle length of 250 ms).
Molecular genetics analysis
Screening of the genomic DNA of the patient has identified no mutations in previously known SQTS genes, i.e. KCNH2, KCNQ1, KCNJ2, CACNA1C, and CACNB2b. In addition, no mutations in KCNJ8 and SUR2 have been detected. A novel heterozygous mutation consisting of a G-to-C transition at nucleotide 2264 (c.2264 G . C) in CACNA2D1 predicting a substitution of a threonine for serine at residue 755 (p.Ser755Thr) of CACNA2D1 (Ca v a 2 d-1) subunit of the cardiac L-type calcium channel (Ser755Thr) was found ( Figure 2A) . The mutation was not found in 812 reference alleles from healthy ethnically matched controls. Alignment of the amino acid sequence of Ca v a 2 d-1 indicates that serine at position 755 is highly conserved among species ( Figure 2B ). Residue Ser755 is located at the external carboxyl terminal region of Ca v a 2 ( Figure 2C ). Family screening showed that the father who had borderline QTc interval and the paternal grandmother were also carriers of this variant (Figure 3 ). Both mutation carriers were asymptomatic regarding syncope, seizures, or arrhythmic events. In addition, no prior SCD event or arrhythmia has occurred in this family before. Baseline ECG of both family members did not display a Brugada syndrome (BrS) pattern. Electrophysiological and drug challenge testing to the affected family members was recommended; however, this was declined.
Functional analyses
In order to determine a possible pathogenic role of the p.Ser755Thr variant in the CACNA2D1 gene, in vitro analyses were performed using co-expression of the two other L-type calcium channel subunits, Ca v 1.2a1 and Ca v b 2b , in HEK-293 cells. First, protein expression of the three subunits was verified by performing western blots of total lysates of HEK-293 cells. The p.Ser755Thr variant of the Ca v a 2 d-1 subunit was expressed at a similar level compared with the WT subunit ( Figure 4A ). In addition, this variant did not modify the expression of the poreforming subunit of the L-type Ca channel, Ca v 1.2a1. Secondly, barium currents (I Ba ) were recorded in these cells under voltageclamp conditions using the whole-cell configuration. Co-expression of the p.Ser755Thr Ca v a 2 d-1 subunit strongly reduced I Ba by more than 70% when compared with the co-expression of the WT variant ( Figure 4B and C, and Table 3 ). Small positive shifts of the inactivation and activation curves were observed when the mutant Ca v a 2 d-1 subunit was expressed ( Figure 4D ). These alterations of the biophysical properties of the current are similar to the condition in which the L-type channel is expressed without the Ca v a 2 d subunit ( Figure 4E and F, and Table 3 ). Then, in order to understand the mechanisms underlying the strong reduction in I Ba caused by the co-expression of Ca v a 2 d-1 p.Ser755Thr, we analysed the expression of Ca v 1.2a1 and Ca v a 2 d-1 subunits at the cell surface by performing membrane protein biotinylation assays. As shown in Figure 5 , the mutant variant of the Ca v a 2 d-1 subunit was equally well expressed at the cell surface when compared with the WT control. A similar result was obtained for the Ca v 1.2a1. Altogether these results suggest that the mutation p.Ser755Thr of Ca v a 2 d-1 alters some of the single channel biophysical properties of the L-type channel at the cell membrane.
Computational analyses
CACNA2D1 is predicted to be anchored in the cellular membrane by a carboxy-terminal transmembrane helix (residues 1067-1087). The largest part of the protein, including the site of the p.Ser755Thr mutation, is located in the extracellular space. A computational analysis based on sequence and structure similarities suggests that the mutation is located in a sensory domain (residues 659-889) whose exact physiological function is not known to date. Molecular modelling of this domain reveals that Ser755 is located at a sterically demanding position and is oriented towards the interior of a protein ( Figure 6A ). In the WT protein, Ser755 tightly packs against a valine (Val799) of the opposite b-strand ( Figure 6B) . The additional methyl group present in Thr755 of the mutant protein cannot be accommodated in the core of the protein and leads to clashes with the side chain of Val799 ( Figure 6C ). These clashes may potentially alter some of the, yet unknown, functions of this protein.
Discussion
In the present study, we report a variant in the CACNA2D1 gene (c.2264G . C; p.Ser755Thr), which, on the basis of our functional studies, is most likely pathogenic. Mutations in CACNA2D1 hence cause a new variant of SQTS. This gene has been recently proposed to be linked to BrS and early repolarization syndrome; 21 however, the pathogenicity of the found variants has, thus far, not been demonstrated. In the present report, the patient who presented with survived SCD in the absence of structural heart disease presented a short QTc interval at baseline and repolarization abnormalities in the right precordial leads during flecainide challenge. Invasive electrophysiological testing in this patient showed short atrial refractory periods and induction of nonsustained atrial tachycardia and atrial fibrillation during programmed stimulation in the atrium and polymorphic ventricular tachycardia and ventricular fibrillation during programmed stimulation in the ventricle. The CACNA2D1 mutation most likely plays a role in the occurrence of these electrophysiological findings and in the observed intermittent incomplete right bundle branch block. Repolarization abnormalities that may be suggestive of BrS were neither present at rest nor during flecainide provocation test. Likewise, the patient did not show an early repolarization pattern on numerous baseline and follow-up ECGs as well as during drug challenge. Recently, BrS and early repolarization syndrome, both associated with J-wave abnormalities, were proposed to represent different manifestations of a 'J-wave syndrome'. 22 Although the genetic origin of early repolarization syndrome is still unknown, mutations in a and b calcium channel subunits lead to a clinical phenotype very close to BrS. 7, 14 Hence, based on the observation that the Ca v a 2 d-1 subunit mutation lead to a decreased calcium current (similarly to the a and b mutations) and that a peculiar alteration of the J-wave was observed upon flecainide challenge, it may be suggested that these clinical manifestations including a prominent shortening of the QT interval are
Novel loss-of-function calcium channel gene mutation in SQTS also part of a continuum caused by decreased calcium current. It remains to be seen whether, in the future, more patients with similar phenotypes caused by mutations in calcium channel genes will permit a better definition of this J-wave syndrome. Genetic analyses revealed that both father and paternal grandmother were heterozygous carriers of the missense mutation p.Ser755Thr in CACNA2D1. However, both carriers failed to display any ECG alteration compatible with SQTS. This observation is in line with the fact that penetrance and expressivity in patients with SQTS are known to be very variable, ranging from asymptomatic carriers to symptomatic patients with atrial-, ventricular fibrillation, and SCD. 23 Compared with the congenital long QT syndrome 1-3, robust genotype -phenotype correlations are still lacking for SQTS. This is the reason why Brugada et al. 24 have proposed that management must still rely on clinical findings. The mutation that has been found in the CACNA2D1 gene affects the L-type calcium channel, which is responsible for the cardiac subunit is known to be involved in the forward trafficking, membrane turnover, and modulation of biophysical properties of the pore-forming Ca v a1 subunits. 27 The molecular mechanisms underlying these effects are however only poorly understood. Until now, no demonstrated pathogenic variants in the Ca v a 2 d-1 subunit have been associated with SQTS. The variant carried by the patient is most likely the cause of the SQTS phenotype since it strongly reduces the Ca v a1-mediated current in the used cellular expression system. The fact that the cellular protein expression of the three expressed subunits in the cell lysates and of the Ca v a1 at the cell membrane was not found to be modified by the mutant Ca v a 2 d-1 subunit suggests that this variant alters some of the biophysical single channel properties of channel at the membrane. Further experiments are needed to understand this intriguing finding.
Interestingly, it has been shown that loss-of-function mutations in CACNA1C, the gene encoding the pore-forming subunit of the cardiac Ca 2+ current, contribute to SQTS type 4, whereas gain-of-function mutations produce non-inactivating Ca 2+ currents and prolonged action potentials leading to a prolonged QT interval on the ECG defined as the Timothy syndrome or congenital long QT syndrome type 8. 28, 29 Similarly, gain-or loss-of-function mutations found in the genes coding for Na + or K + channels were found to be responsible for either long QT and BrS phenotypes. It may therefore be speculated that gain-or loss-of-function mutations in the CACNA2D1 gene could also lead to different arrhythmogenic phenotypes. On the basis of the results of the present study and the recent work of Burashnikov et al., 14 BrS and SQTS may be allelic disorders caused by loss-of-function mutations in CACNA2D1. Obviously, further work is needed to understand the detailed mechanisms underlying the molecular mechanisms of these clinical entities. In summary, this study identifies for the first time a pathogenic variant in the CACNA2D1 gene, encoding the Ca v a 2 d-1 subunit of the L-type calcium channel, as cause of SQTS, hence defining SQTS6. These findings underline the crucial role of the different subunits of the cardiac L-type calcium channel in inherited channelopathies in general, and in SQTS in particular. Whether mutations in CACNA2D1 may cause other manifestations of J-wave syndrome 22 remains to be investigated.
